Stroke may trigger a number of cellular and molecular events in perilesional and remote brain regions enabling cortical reorganization and recovery of function. We here investigated the pattern and time course of acute stroke-induced changes in motor system activity during motor recovery using functional magnetic resonance imaging. Hand movement--related neural activity was assessed in 11 acute stroke patients scanned 3 times during the first 2 weeks starting within 72 h after symptom onset. A motor recovery score was computed based on the action research arm test and the maximum grip force. Increases of activity in primary motor cortex, premotor cortex (dorsal and ventral), and supplementary motor area in both hemispheres significantly correlated with behavioral recovery. These longitudinal changes depended upon the degree of initial motor impairment: Patients with mild deficits did not differ from healthy subjects. In contrast, patients with severe deficits were characterized by a global reduction of task-related activity, followed by increases in ipsilesional as well as contralesional motor areas. The finding that the gradually increasing activity in contralesional primary motor and premotor cortex correlated with improved functional recovery in severely affected patients indicates early cortical reorganization supporting motor function of the affected hand.
Introduction
The human brain has the capacity for spontaneous recovery even in cases with severe cerebral damage. While clinical studies with stroke patients suggested that the final neurological outcome is strongly related to the behavioral improvements in the first weeks post-stroke (Kwakkel et al. 2004) , only little is known about the underlying neuronal processes driving recovery of function in humans. A few published longitudinal neuroimaging studies have shown that neural activity in cortical motor areas during movements of the paretic hand is enhanced in both hemispheres 2 weeks post-stroke and subsequently decreases toward levels observed in healthy subjects concomitant to motor recovery (Loubinoux et al. 2003; Ward et al. 2003; Tombari et al. 2004) . Patients with incomplete functional recovery in the chronic phase (i.e., after 6--12 months post-stroke) typically exhibit a pathologically enhanced activation pattern, especially in the hemisphere ipsilateral to the affected hand (= contralesional) (Chollet et al. 1991; Weiller et al. 1992; Grefkes et al. 2008b ). Furthermore, activity in the contralesional hemisphere is often more pronounced in patients with greater corticospinal tract (CST) damage (Ward et al. 2006; Stinear et al. 2007 ). The functional relevance of the enhanced recruitment of contralesional primary motor cortex (M1) and premotor areas is, however, still under debate (Murase et al. 2004; Stinear et al. 2007; Nowak et al. 2008) . Especially for the first few days after stroke, data on changes in motor network activation and its relationship to motor performance and recovery thereof are scarce (Marshall et al. 2000; Ward et al. 2003; Binkofski and Seitz 2004; Tombari et al. 2004; Jaillard et al. 2005) .
Therefore, we designed a longitudinal functional magnetic resonance imaging (fMRI) study in which patients with acute hemiparesis after a first-ever ischemic stroke were scanned at 3 consecutive time points during the first 2 weeks following stroke onset. At each fMRI session, motor performance was assessed using a battery of tests to monitor behavioral recovery. We hypothesized that behavioral improvements of the strokeaffected hand in the early phase after stroke correlate with changes in blood oxygenation level--dependent (BOLD) activity in motor areas of both hemispheres during this period (Ward et al. 2003) . As the level of initial impairment determines the potential for subsequent motor improvements (Duncan et al. 1992; Kwakkel et al. 2004) , we further hypothesized that longitudinal changes differ between patients presenting initially with mild impairments and patients with more severe deficits. We assumed that patients with more severe initial impairment might show reduced activity in M1 and premotor cortex contralateral to movements of the affected hand, followed by increased neural activity in both hemispheres during recovery, as has been demonstrated in the language domain (Saur et al. 2006) and in experiments with rodents (Dijkhuizen et al. 2001 (Dijkhuizen et al. , 2003 Weber et al. 2008) . Finally, we explored the relationship between motor-related BOLD activation patterns and the functional integrity of the CST based on myeloarchitectonic maximum probability maps (Eickhoff et al. 2005) .
Subjects and Methods

Subjects
The study was approved by the local ethics committee (file no. 08-082). All subjects had given informed written consent. We examined 11 inpatients [mean age ± standard deviation (SD): 65 ± 10 years; Table 1] from the stroke unit of the Department of Neurology in the first days after a first-ever ischemic stroke in the left (n = 4) or right (n = 7) middle cerebral artery (MCA) territory. All patients reported right-hand dominance before stroke. Patients were selected according to the following criteria: 1) unilateral hand motor deficit, 2) onset of symptoms not more than 72 h ago, and 3) no clinical signs of mirror movements, aphasia, or neglect. Three clinical parameters were assessed at each session: 1) the National Institutes of Health Stroke Scale (NIHSS), which is a rating scale that describes the neurological status after Note: Subjects 5 and 10 had sensory deficits at the affected hand (according to Semmes--Weinstein monofilament test and 2-point discriminator). Patients were sorted in descending order according to the initial ARAT score. ASA, acetylsalicylic acid; AF, arterial fibrillation; CHD, coronary heart disease; CR, corona radiata; CST, corticospinal tract; HCT, hydrochlorothiazide; IC, internal capsule; IDDM, insulin-dependent diabetes mellitus; MI, mildly impaired patients according to the initial ARAT score; PG, precentral gyrus; PoG, postcentral gyrus; RA, rheumatoid arthritis; S1, session 1 (2 ± 1 days post-stroke); S2, session 2 (5 ± 1 days post-stroke); S3, session 3 (10 ± 2 days post-stroke); SI, severely impaired patients according to the initial ARAT score; thal, thalamus; WMD, white matter disease.
stroke based upon functions such as consciousness, visual fields, sensation, movement, speech, and language (range 0--42; 0 = no deficit, 42 = most severe deficits; http://www.ninds.nih.gov/doctors/NIH_ Stroke_Scale.pdf); 2) the Action Research Arm Test (ARAT) (Lyle 1981) determines gross and fine upper limb function on 4 dimensions (i.e., grasp, grip, pinch, and gross movement; range 0--57; 57 = normal performance, 38 = great difficulty, 19 = partial movements, 0 = unable to complete any part of movements; Yozbatiran et al. 2008) ; and 3) percent grip force of the affected relative to the unaffected hand (assessed by a vigorimeter). Three fMRI sessions were performed during the first 2 weeks: session 1 (mean ± SD: 2 ± 1 days post-stroke), session 2 (5 ± 1 days post-stroke), and session 3 (10 ± 2 days poststroke). Eleven age-matched right-handed healthy subjects (mean age:
63 ± 14 years) with no history of neurological, psychiatric, or orthopedic diseases served as control group.
Recovery Score
We computed a GLOBAL RECOVERY SCORE (Ward et al. 2003) for each patient to obtain an estimate how well motor performance improved during the first 2 weeks after stroke. We first calculated differences between session 1 and session 3 for 1) the ARAT assessed for the affected hand and 2) the grip force index, respectively. These improvement scores were z-standardized using the standard formula:
x the group's mean, and s the SD of the group. The z-standardized difference scores were entered as input variables into a factor analysis with principal components extraction (PCA) in SPSS 17. The PCA yielded a one-factor solution according to the Kaiser criterion (i.e., eigenvalue > 1) explaining 86% of the variance of the ARAT and grip force improvement scores, which were strongly intercorrelated (r = 0.73, P = 0.006). Both improvement scores loaded positively on this factor (i.e., 93%). Accordingly, the PCA factor was assumed to reflect motor recovery during the first 2 weeks after stroke, and the corresponding factor value for each patient was defined as COMPOSITE MOTOR RECOVERY SCORE. Note that negative values do not imply deterioration of motor performance but less improvement in motor performance compared with the whole group (Table 1) .
Magnetic Resonance Imaging
The fMRI motor task consisted of visually cued rhythmic whole hand fist closures at a frequency of 1 Hz performed in blocks of moving either the left or the right hand. Written instructions were displayed for 2 s on a video screen, indicating which hand had to be moved in the upcoming block of trials (i.e., either the left or the right hand). Each movement block lasted 15 s and was separated by resting baselines in which subjects were instructed to relax while watching a black screen (duration: 15 s) (Grefkes et al. 2008a (Grefkes et al. , 2008b . Prior to scanning, subjects were trained for familiarization with the task until they reached a stable performance in 3 successive trials. Patients who could not achieve the requested frequency were instructed to perform correct fist closures as close as possible to the visual cue. The number of movements per block was documented by an experimenter standing next to the scanner.
Magnetic resonance images were acquired on a Siemens Trio 3.0 T scanner (Siemens Medical Solutions). We used a gradient echo planar imaging (EPI) sequence with the following imaging parameters: time repetition (TR) = 1630 ms, time echo (TE) = 30 ms, field of view (FOV) = 200 mm, 26 axial slices, voxel size = 3 3 3 3 4 mm 3 , flip angle = 72°, volumes = 176. At each session, diffusion-weighted images (DWI; TR = 5100 ms, TE = 104 ms, FOV = 230 mm, 30 axial slices, voxel size = 1.8 3 1.8 3 3.0 mm 3 ) were acquired to assess location and extent of the lesion. In addition, we acquired high-resolution isotropic T 1 -weighted images (TR = 2250 ms, TE = 3.93 ms, FOV = 256 mm, 176 sagittal slices, voxel size = 1.0 3 1.0 3 1.0 mm 3 ). Functional images were analyzed using statistical parametric mapping (SPM5, www.fil.ion.ucl.ac.uk). Prior to data analysis, images from patients with right-sided lesions were flipped at the midsagittal plane.
After realignment of the EPI volumes and co-registration with the anatomical 3D image, lesion masks were constructed from the DWI volume showing the largest lesion extent using MRIcron (www. sph.sc.edu/comd/rorden/MRicron). All volumes were spatially normalized to the standard template of the Montreal Neurological Institute (MNI) employing the unified segmentation approach with masked lesions (Ashburner and Friston 2005) . The normalized images were smoothed using an 8-mm full-width at half-maximum isotropic Gaussian kernel to compensate for residual variability after spatial normalization across subjects.
Statistical Analysis of the MRI Data
For first level analysis, box-car vectors for each condition (i.e., affected hand movement, unaffected hand movement, instruction) at each session were convolved with a canonical hemodynamic response function including temporal derivatives. The head movement parameters were entered as covariates to remove movement-related variance from the EPI time series (Fox et al. 2005) . A high-pass filter was applied eliminating signal drifts slower than 128 s. For an fMRI group analysis across all patients, the parameter estimates computed on the single subject level were compared in a full-factorial general linear model (GLM) random effects analysis with the within-subject factors HAND (levels affected, unaffected) and SESSION (levels session 1, session 2, session 3). Differences in motor performance represent an inherent problem of neuroimaging studies with stroke patients because different time points reflect different overt motor behavior. Because we were interested in neural changes caused by reorganization processes, we entered the mean fist closure counts per session as covariate into each GLM to control for differences in motor output across subjects and sessions. For statistical comparisons with healthy subjects (which were only scanned once), the parameter estimates for right/affected hand movements were modeled in a full-factorial GLM with the between-subject factor GROUP (levels healthy subjects, patients) and the covariate ''number of fist closures'' for each session, separately. The statistical threshold was P < 0.05, false discovery rate (FDR) corrected for all analyses and contrasts.
Recovery Map
Similar to previous studies (Ward et al. 2003; Saur et al. 2006 ), we performed a whole-brain regression analysis to examine recoveryrelated BOLD signal changes. Accordingly, the contrast images ''session 3 > session 1'' computed for movements of the affected hand on single subject level were entered into an SPM multiple regression analysis with the composite motor recovery scores (as defined above) as meancentered covariates. In addition, the number of fist closures in the scanner was included as additional covariate to control for changes resulting from differences in absolute motor performance. Positive correlations between BOLD activity and the composite recovery score reflect recovery-related increases, whereas negative correlations indicate recovery-related decreases (P < 0.05, FDR corrected).
Furthermore, to test whether the initial fMRI scan predicted 1) motor recovery and 2) the ARAT score after 2 weeks, we computed 2 separate regression analyses with the baseline contrast image for affected hand movements at session 1 and 1) the motor recovery scores and 2) the ARAT scores at session 3, respectively, as mean-centered covariates. The fist closure frequency was again entered as a nuisance variable into each analysis.
Effects of Initial Motor Impairment on Changes in Neural Activity
To investigate the effect of initial motor impairment on longitudinal changes in neural activity, we performed a whole-brain regression analysis between the ARAT score at session 1 and the increase in movement-related BOLD signal from session 1 to session 3. In addition to the regression analysis, patients were classified into 2 groups by means of a median split of the initial ARAT score (median: 43; Table 1) to summarize different activity patterns depending on the degree of impairment. To validate the definition of these 2 groups, we performed a discriminant analysis in SPSS 17 using the 3 clinical parameters (NIHSS, grip force index, and ARAT) as predictors and the group assignment as dependent variable. Here, the F-test (Wilks' lambda) indicates whether the ARAT group assignment is supported by all clinical parameters. Results showed that the classification of the patients into ''mildly impaired'' and ''severely impaired'' subgroups was confirmed by the discriminant analysis (Wilks' lambda = 0.13, P = 0.002; standardized coefficients as a measure of the contribution of each parameter for the group assignment were as follows: ARAT = 2.84, relative grip force = 1.33, NIHSS = 1.19).
For the SPM second-level analysis, control group comparisons were conducted for each subgroup and session separately, as described above for the whole group of patients. Then, the contrast images ''movements of the affected hand versus baseline'' were compared in a full-factorial GLM random effects analysis with the between-subject factor SUBGROUP (levels mild impairment, severe impairment), the within-subject factor SESSION and the covariate ''number of fist closures.'' The statistical threshold again was P < 0.05, FDR corrected for multiple comparisons.
Longitudinal Changes
We computed contrasts between session 3 and session 1 in the respective GLMs for the whole group of patients as well as for the 2 subgroups to investigate longitudinal changes in task-related BOLD activity. We also plotted the parameter estimates of the peak voxel in clusters located at key motor regions to observe BOLD signal changes across all 3 sessions. Coordinates were defined according to the following anatomical criteria Grefkes et al. 2008a Grefkes et al. , 2008b : M1 on the rostral wall of the central sulcus at the ''hand knob'' formation, supplementary motor area (SMA) on the medial wall within the interhemispheric fissure between the paracentral lobule (posterior landmark) and the coronal plane running through the anterior commissure, ventral premotor cortex (vPMC) close to the inferior precentral gyrus and pars opercularis, and dorsal premotor cortex (dPMC) located at the junction of the superior frontal sulcus and the superior part of the precentral sulcus.
DWI Lesion Maps and CST Damage
We used the maximum probability map of the CST as defined by myeloarchitectonic analyses of 10 human postmortem brains (Burgel et al. 1999 (Burgel et al. , 2006 Eickhoff et al. 2005 ) to obtain an estimate for the amount of CST damage in our sample of patients. This map is implemented in the SPM Anatomy toolbox (Eickhoff et al. 2005 ) and contains those voxels in MNI space showing highest probability of being assigned to the CST compared with all neighboring white matter tracts. Therefore, we computed the intersection volume of the MNInormalized DWI lesion (in mm 3 ) and the probabilistic CST map at each session. CST damage was expressed as the ratio between the intersection volume and the total volume of the CST. As there was no significant difference in DWI lesion volumes between the 3 sessions [repeated measures analysis of variance (ANOVA): F 2,20 = 0.637, P = 0.539], we averaged the amount of CST damage and the lesion volume across sessions for further analyses. To compare subgroups in the amount of CST damage and lesion volume, we computed 2-sample ttests using SPSS 17. To investigate correlations with clinical performance, we computed Pearson correlation coefficients between the percent damage of the CST and 1) behavioral scores at each session and 2) the composite motor recovery score. Furthermore, we computed an SPM regression analysis with the contrast images for changes in movements of the affected hand between session 1 and session 3 (contrast ''session 3 > session 1'') to analyze longitudinal BOLD signal changes related to the functional integrity of the CST. Again, the number of fist closures was included as covariate.
Results
Behavioral Data
We computed separate repeated measures ANOVAs with the factor SESSION for every clinical parameter (i.e., ARAT score of the affected hand, grip force index, NIHSS score) as well as for the number of fist closures per block during the fMRI task. There were significant main effects of the factor SESSION for the ARAT score (F 2,20 = 5.654, P = 0.011) and for the NIHSS score (F 2,20 = 12.527, P < 0.001). Furthermore, the patients showed a significant increase in the number of fist closures (F 2,20 = 3.866, P = 0.038). Improvements in the grip force index showed a trend toward significance (F 2,20 = 2.860, P = 0.081) (Fig. 1A--D ). There were no significant changes in motor performance across the fMRI sessions for the unaffected hand (P = 0.267). Two patients had mild somatosensory deficits as assessed with the Semmes--Weinstein monofilament test and a 2-point discriminator (Table 1 ; patients 5 and 10).
BOLD Signal Changes in Cortical Motor Networks
The fMRI group analysis showed that in patients (n = 11), movements of the stroke-affected hand at session 1 (i.e., 2 ± 1 days post-stroke) were associated with enhanced BOLD activity in a similar network as observed in healthy controls, that is, contralateral (= ipsilesional) M1, SMA, bilateral dPMC and vPMC, and bilateral striate and extrastriate visual cortex (V5; P < 0.05, FDR corrected; Fig. 2A,B ; local maxima for each hand movement, session, and group are displayed in Supplementary  Tables 1--3) . Control subjects showed increased BOLD activity relative to patients at session 1 in the left (corresponding to the ipsilesional hemisphere in patients) ventrolateral nucleus of the thalamus and V5 as well as in the right (contralesional hemisphere in patients) fusiform gyrus (P < 0.05, FDR corrected; Supplementary Fig. 1A ) but no difference in other motor-related brain areas ( Table 2 ). The reverse contrast (i.e., ''patients > controls'') yielded no significant activation. At session 2 (i.e., 5 ± 1 days post-stroke), movements of the strokeaffected hand were accompanied by enhanced BOLD responses especially in the contralesional hemisphere (Fig. 2B) . Compared with healthy controls, stroke patients showed enhanced activity in contralesional M1, dPMC, and ipsilesional cingulate motor area (Table 2 and Fig. 2C ; Supplementary Fig. 1A ), whereas the reverse contrast (i.e., ''controls > patients'') yielded no significant results. At session 3 (i.e., 10 ± 2 days post-stroke), BOLD signal was significantly increased in contralesional dPMC and M1 as well as in contralesional posterior superior frontal sulcus [i.e., ''frontal eye field'' (FEF)], in ipsilesional superior and inferior parietal lobe (SPL and IPL), and parietal operculum [secondary somatosensory cortex (SII)] compared with healthy subjects (P < 0.05, FDR corrected; Fig. 2C and Table 2 ).
Note that all comparisons were corrected for the amount of motor output using the number of fist closures as covariate in the respective GLMs. Plotting the voxels in which activity significantly correlated with the individual number of fist closures revealed a positive correlation only for ipsilesional M1 at session 1 (Fig. 2D ) and session 2, that is, the higher the fist closure frequency, the more BOLD signal in ipsilesional M1 (P < 0.05, FDR corrected).
Correlation between BOLD Signal Change and Recovery
To identify voxels in which signal increase or decrease from session 1 to session 3 correlated with motor recovery during this period, we correlated differences in BOLD signal for movements of the affected hand with the motor recovery score computed by means of a PCA on improvement scores in the ARAT and the grip force index. While there were no significant recovery-related decreases of BOLD signal, the regression analysis showed that higher recovery scores were associated with bilateral increases of BOLD activity in M1, dPMC, vPMC, SMA, FEF, SPL, and SII (P < 0.05, FDR corrected; Fig. 3 ). This (Table 1 ; Supplementary Fig. 2A ). In contrast, BOLD signal changes between session 1 and 2 and between session 2 and 3 did not show significant correlations with the respective recovery scores computed for these periods, probably because differences between sessions were too small to yield significant results.
To test whether the movement-related BOLD signal at session 1 was predictive for motor recovery and for performance in the ARAT after 2 weeks, we computed 2 regression analyses. Even at uncorrected thresholds (P < 0.001), there was neither a positive nor a negative correlation in any brain area. Hence, there was no evidence for the predictive value of the early fMRI scan in our sample.
Effects of Initial Motor Impairment on Changes in Neural Activity
To analyze whether recovery-related increases in BOLD signal observed for the whole group of patients depended on the level of initial impairment, we performed a regression analysis between the increase in BOLD signal during affected hand movements from session 1 to session 3 and the ARAT score at session 1. The analysis yielded no significant voxels for a positive correlation. In contrast, testing for a negative correlation between the initial ARAT score and BOLD increase showed significant bilateral effects for voxels in M1, dPMC, vPMC, SPL, SII, FEF, and middle frontal gyrus [dorsolateral prefrontal cortex (DLPFC); Fig. 4A ]. Again, this increase in BOLD activity also remained significant after exclusion of 2 patients with lack of any active movement in the upper limb at the initial session (Table 1 ; Supplementary Fig. 2B ).
To further analyze the relationship between cortical activation pattern and degree of motor impairment, we classified patients into 2 subgroups according to the initial ARAT score (mildly impaired and severely impaired). Movement-related BOLD activity in patients with initially mild impairments did not differ significantly from healthy subjects at any session ( Fig. 4B ; see Supplementary Table 4 for local maxima). In contrast, patients with initially severe motor impairments were characterized by a global reduction of task-related activity during movements of the affected hand at session 1 ( Fig. 4B ; see Supplementary Table 5 for local maxima). At session 2, severely impaired patients showed significantly stronger movement-related BOLD signal increases in contralesional M1, dPMC, SMA, ipsilesional M1, cingulate cortex (cingulate motor area), and bilateral cerebellum compared with healthy subjects (P < 0.05, FDR corrected; Table 3 ; Supplementary  Fig. 1B ). At session 3, movements of the affected hand were associated with even more extended clusters of bilateral activity in M1, premotor, posterior parietal cortex, and contralesional FEF (Fig. 4B) relative to healthy subjects (Table  3 ; Supplementary Fig. 1B ). Compared with mildly affected patients, BOLD signal changes during movements of the . BOLD signal changes for hand movements of ( A) healthy subjects (n 5 11) and (B) stroke patients (n 5 11) (P \ 0.05, FDR corrected). The central sulcus is marked with dashed lines. (C) Enhanced BOLD signal in patients relative to controls at session 2 (i.e., 5 ± 1 days post-stroke) and at session 3 (i.e., 10 ± 2 days post-stroke) for movements of the affected/right hand. The reverse contrasts (i.e., ''controls [ patients'') yielded no significant results. (D) Significant correlation of BOLD activity with the number of fist closures in ipsilesional M1 at session 1 (P \ 0.05, FDR corrected). affected hand were also significantly higher in bilateral M1 and SPL in the severely affected group at session 3 (Table 4 ; Supplementary Fig. 1C ). Importantly, ARAT motor performance at session 3 was still significantly worse compared with the group of mildly affected patients (P < 0.05).
Longitudinal Changes within the First 2 Weeks
The increase in BOLD activity across sessions was not statistically significant in the whole group of patients (P < 0.05, FDR corrected). At an uncorrected threshold of P < 0.001, significant increases were seen in contralesional dPMC, SMA, and bilateral SPL. This lack of significant changes may be ascribed to the subgroup of mildly affected patients in which task-related BOLD activity was not statistically different across the first 2 weeks. In contrast, severely affected patients showed a linear increase in BOLD activity from session 1 to session 2 and session 3 in motor regions (M1, dPMC, vPMC, and SMA) as well as in frontoparietal areas, insula, and middle frontal gyrus in both hemispheres (Table 5 and Fig. 5 ; Supplementary  Fig. 1D ).
DWI Lesion Maps and CST Damage
The maximum overlap of DWI lesions was at the level of the internal capsule (Fig. 6 ). DWI volumes were not statistically different across sessions (repeated measures ANOVA: F 2,20 = 0.637, P = 0.539) indicating that changes in neural activity cannot be ascribed to changes in lesion volume. The amount of CST damage was significantly larger in the subgroup of the more severely affected patients [t 9 = 4.506, P < 0.001; mildly impaired: mean = 4.77 ± 3.95%, range 0.5--6.5%; severely impaired: mean = 18.74 ± 6.28%, range 10--27.6%]. However, MNI-normalized lesion volumes were not statistically different between groups (Table 1) . Correlation analyses showed that the amount of CST damage correlated with the initial ARAT motor score (r = -0.64, P = 0.032) as well as with the recovery score (r = -0.78, P = 0.005). There was no significant correlation between CST damage and any other clinical parameter at session 2 or session 3. However, correlating percent CST damage with increases in Figure 3 . Group ''recovery map'': brain regions from SPM regression analysis in which increases in task-related activations across sessions were correlated with recovery [i.e., positive correlations between contrast ''session 3 (i.e., 10 ± 2 days post-stroke) [ session 1 (i.e., 2 ± 1 days)'' and the composite motor recovery score after controlling for the number of fist closures; P \ 0.05, FDR corrected]. BOLD signal across sessions (i.e., ''session 3 > session 1'' during affected hand movements) yielded significant clusters of activity in bilateral M1, contralesional dPMC, vPMC, SPL, and middle frontal gyrus (DLPFC) (P < 0.05, FDR corrected; Supplementary  Fig. 3) .
Discussion
Our data demonstrate that dynamic changes in motor network activity can be detected already within the first 2 weeks poststroke concurrent to motor recovery. However, these changes depended upon the degree of initial motor impairment: Mildly impaired patients were characterized by relatively constant motor network activity from session 1 to session 3 that did not differ significantly at any time point from healthy subjects. In contrast, severely affected patients showed a gradual increase of BOLD activity, predominantly in contralesional motor areas. However, as motor performance at session 3 was still significantly worse compared with patients with initially mild motor deficits, enhanced recruitment of contralesional areas seems to be insufficient to compensate for the initial motor deficit caused by the greater damage of CST fibers in the group of more severely affected patients. Ward et al. (2003) investigated motor-related BOLD activity from 9--14 days up to 1 year post-stroke in 8 patients with mild to severe motor impairment (mean ARAT score at the initial session: 43.63 ± 16.69), thereby resembling the mean ARAT score in our sample at session 3 of 41.91(± 19.51) ( Table 1) . The authors reported recovery-associated decreases of BOLD activity across this time period. As the last fMRI sessions of the present study were performed at time points corresponding to the first session in the study of Ward et al., our findings extend prior work by showing how abnormal overactivity develops in the first few days after stroke. Remarkably, Parameter estimates from the peak voxel of the significantly activated brain region.
Longitudinal Changes in Motor Networks after Stroke
Table 4
Comparisons between initially severely impaired patients (n 5 5) and initially mildly impaired subjects (n 5 6) (Fig. 3) were comparable with regions showing recovery-related decreases at later stages (Ward et al. 2003) . This suggests that similar brain regions are involved in early and late cortical reorganization. Consistent findings were also reported in longitudinal studies on early neural reorganization of the language system in stroke patients with aphasia (Saur et al. 2006 ) and of the somatosensory system in rats (Dijkhuizen et al. 2001; Weber et al. 2008) .
Reorganization Processes in Both Hemispheres
A key finding of the present study is that the initial motor impairment was strongly related to both neural activity and changes in neural activity during clinical recovery. In line with our findings, longitudinal fMRI experiments with rats assessing fMRI responses in somatosensory cortex within 1--3 days after experimental ischemia (Dijkhuizen et al. 2001 (Dijkhuizen et al. , 2003 Weber et al. 2008) showed that ipsilesional BOLD activity was reduced in the first 1--3 days after transient occlusion of the MCA. The results from Weber et al. (2008) further showed that ipsilesional BOLD responses depended on the initial neurological deficit. Similar to our group of severely affected patients, rats with marked deficits showed no significant activity in the ipsilesional primary somatosensory cortex upon electrical stimulation immediately after stroke. However, activity in the primary somatosensory cortex reemerged within 2 weeks after ischemia during progressive recovery. In addition to increases in ipsilesional somatosensory cortex, animal data also provided evidence for a transient increase in contralesional sensorimotor activity during the first week as seen in our sample of severely affected patients (Dijkhuizen et al. 2001 (Dijkhuizen et al. , 2003 .
Recovery and CST Damage
Increases in neural activity within the ipsilesional hemisphere were demonstrated to critically depend on the integrity of the CST (Ward et al. 2006; Stinear et al. 2007 ). In addition, impaired integrity of the CST has been shown to be associated with enhanced recruitment of M1 and premotor areas in the Figure 5 . Longitudinal changes in BOLD activity from session 1 to session 3. Differential contrast image ''session 3 (i.e., 10 ± 2 days post-stroke) [ session 1 (i.e., 2 ± 1 days)'' during movements of the affected hand in severely affected patients (P \ 0.05, FDR corrected). Plots of parameter estimates of single peak voxels in clusters located at key motor areas of the cortical motor system.
contralesional hemisphere (Ward et al. 2006; Schaechter et al. 2008) . In line with these findings, our data provide further evidence that already at the very early stage after stroke, patients with greater CST damage and more marked motor impairments ( Fig. 4B ; Supplementary Fig. 2) show an additional recruitment of contralesional M1, premotor, and parietal areas, which might support the function of the affected hand (Johansen-Berg et al. 2002a; Fridman et al. 2004) . Using techniques such as diffusion tensor imaging (DTI) might have yielded more valid estimates of CST damage compared with probabilistic maps derived from postmortem data (Schaechter et al. 2008) . However, as we wanted to minimize discomfort and scanning time for our group of acute stroke patients, we did not implement a separate DTI session in the experimental protocol.
The Role of Contralesional Areas for Early Recovery
The meaning of stroke-associated increases in contralesional motor areas has been addressed in a number of previous studies for the chronic post-stroke phase (Stinear et al. 2007; Nowak et al. 2008; Grefkes et al. 2008b) . Our results from the acute phase are in line with findings showing that enhanced contralesional BOLD activity can be especially observed for patients with poor motor performance and greater CST damage (JohansenBerg et al. 2002b; Ward et al. 2007; Schaechter et al. 2008) . Transcranial magnetic stimulation (TMS) studies suggest that enhanced neural activity might be a correlate of higher cortical excitability, for example, as a result of reduced inhibition of the contralesional hemisphere early after stroke (Swayne et al. 2008) . While others and we reported that TMS-induced disruption or inhibition of contralesional M1 activity may All maxima P \ 0.05, FDR corrected. CL, contralesional; IL, ipsilesional; L, left; R, right; S1, session 1 (i.e., median: 2 days post-stroke); S2, session 2 (median: 5 days); S3, session 3 (median: 10 days); SE, standard error. transiently improve motor performance (Mansur et al. 2005; Takeuchi et al. 2005; Nowak et al. 2008; Grefkes et al. 2010) , other groups did not observe such a significant effect (Werhahn et al. 2003; Talelli et al. 2007 ). Furthermore, findings that TMS over contralesional dPMC and M1 may even deteriorate motor performance suggest a beneficial role of these areas for motor recovery at least for some patients (Lotze et al. 2006) . There is growing evidence from studies in healthy subjects that activity in motor areas ipsilateral to the moving hand is driven by increasing task difficulty (Seidler et al. 2004; Horenstein et al. 2009 ). Therefore, recruitment of contralesional M1 and premotor areas in severely impaired patients might also reflect enhanced effort to move the affected hand. However, such changes cannot be ascribed to enhanced effort only as activity in contralesional motor areas was not observed at the initial session but rather gradually emerged during recovery. We, therefore, suggest that increases in contralesional BOLD activity reflect stroke-induced changes in the functional network anatomy, that is, early reorganization phenomena.
Recruitment of Parietofrontal Areas in Recovery after
Stroke Changes in neural activity over time were not restricted to primary motor or premotor areas. We also found a recoveryrelated recruitment of somatosensory areas (postcentral gyrus, SII, and posterior parietal cortex), cingulate motor area, FEF, and DLPFC especially in those patients with initially more severe motor impairments (Figs 4 and 5) . The SPL is known to integrate sensory information from different modalities (Bushara et al. 1999; Bremmer et al. 2001; Grefkes and Fink 2005) and has been shown to be involved in sensorimotor integration for hand and arm coordination (Cohen and Andersen 2002) . A stronger use of somatosensory information might hence constitute a compensatory mechanism for controlling the paretic hand. Furthermore, both the SPL and the cingulate motor area (also referred to as posterior rostral cingulate zone) are engaged in action selection and movement control (Picard and Strick 2001; Rushworth et al. 2003) . Especially, posterior parietal areas have been shown to be engaged in visual attention and visuomotor intention (Rushworth et al. 2001; Corbetta and Shulman 2002; Grefkes et al. 2004; Hesse et al. 2006) . Changes in activations of the posterior parietal cortex have also been reported by other longitudinal studies on cortical reorganization after stroke. Tombari et al. (2004) found constant increases in the ipsilesional IPL during recovery of function, whereas Ward et al. (2003) showed that decreases in contralesional IPL and in ipsilesional intraparietal sulcus were associated with improved function of the paretic hand. Importantly, activity in ipsilesional IPL has been shown to increase after motor training in chronic stroke patients (Nelles et al. 2001; Johansen-Berg et al. 2002a) suggesting that patients with poor recovery may rely on support provided by these attention-related neural networks (Ward et al. 2004) .
Activity in prefrontal areas such as the DLPFC has been frequently reported for tasks relying on motor learning, selection of movements, and attentional control of behaviorally relevant stimuli (Rainer et al. 1998; Halsband and Lange 2006; Seidler et al. 2006) . The DLPFC was suggested to play a specific role in motor learning by trial and error (Toni and Passingham 1999) . Functional recovery in patients with stronger impairment of the hand might especially depend on cortical mechanisms engaged in motor learning, which might explain enhanced activity in prefrontal areas at session 3.
Limitations and Conclusions
The relatively small number of patients limits the validity of the subgroup analyses, which showed differential effects in early reorganization for patients with severe motor deficits. Furthermore, longitudinal changes in BOLD response could-at least in principle-also result from changes in tissue perfusion rather than from cortical reorganization as proposed. However, Weber et al. (2008) reported evidence for a preserved coupling of the hemodynamic BOLD signal and neuronal activity after stroke in rats. Furthermore, none of our patients suffered from a significant MCA occlusion (according to transcranial Doppler performed in the clinical routine) causing reductions in blood flow. Lesions were usually focal (Fig. 6) , and in the majority of the cases located at subcortical structures. Finally, changes in BOLD activity were also evident for the undamaged hemisphere. We, therefore, suggest that changes in BOLD response over time as observed in the present study most likely reflect functional reorganization during the process of recovery.
There is a large body of literature showing that patients with greater improvements within the first weeks post-stroke reach higher plateaus at 6 months than those with later improvements (Duncan et al. 1992; Cramer 2008) . The recovery map of the current study (Fig. 3) suggests that early recruitment of both ipsilesional and contralesional motor areas is indicative for early motor improvement. In the future, combined fMRI and TMS studies are needed to examine the correlation between neural motor activation patterns, electrophysiological parameters, and intervention effects. For example, while suppressing the contralesional M1 might be an appropriate intervention for patients with mild to moderate deficits and preserved ipsilesional motor networks (Liepert et al. 2007 ), such an approach should be considered with caution in patients with severe motor deficits and early bilateral recruitment of motor areas. Our findings add to evidence from previous studies that the interplay of individual factors such as neurological impairment, degree of CST interruption, and time since stroke impact on cortical reorganization processes also in the very early poststroke period.
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